Abstract: Nonlinear acoustic techniques have recently been introduced as a new tooI for nondestructive inspection and evacuation of fatigued, defective, and fractured materials. Various defects such as cracks, debonding, fatigue, etc. lead to momdously high IeveIs of nonlinearity as compared with flawless structures. There are various acoustical manifestations of the nonlinearity: second and the higher harmonic generation, dependence of sound speed on amplitude of acoustic wave, tie modulation of ultrasound by vibration, and some others.~T methods based on the modulation effects appeared to be tie most sensitive and practical. Two modulation methods were developed, namely vibro-modulation~and impaetmodulation~methods. A number of tests have been carried out for various damadged objects made out of steel, plastic, glass, concrete, and composites.~ese methods demonstrated certain advantages as compared with the conventional linear acoustic technique, specifically high sensitivity and applicability to highly inhomogeneous structures.
Conventional active acoustic methods of~T are based on the principles of the linear acoustics (1-2). These include effects of reflection, scattering, transmission, and absorption of probe acoustic energy. The presence of a defect leads to phase andor amplitude variation of received signals while the frequencies of the received signals are the same as of emitted probe signals.
The principal difference of the nodinear nondestructive testing technique WT) from the linear acoustic~T is that the nodinear technique correlates the presence and characteristics of defects with acoustical signals whose frequencies differ from the frequencies of the emitted probe signal. These signals with different frequencies are an outcome of a nodinear transformation of the probe acoustic energy by a defect.
There are two main nodinear effects which are used for NT -the second harmonic generation and the modulation of sound by vibration. Historically, the first applications of the nordinear technique were carried out using the second harmonic method (3-7). This method involves measurement of the second harmonic generated due to nodinear distortion of a sinusoidal acoustic signal due to defects. More advanced modulation methods (8-12), developed later, employ effects of nodinear interaction of ultrasonic probing signal and low frequency vibration in the presence of defects. This interaction originates side-band components in he spectrum of probing signal.
The nodinear~T technique deals with contact-type defects, such as cracks, unbends, delamination, etc. The physical nature of the defect-related nordinearity can be most easily understood when we consider two simpIe models of contact-type defects. The first model was suggested by Rchardson (13). He considered a crack or contact defect as planar interface separating two semi-infiite elastic materials, with the surfaces in intimate contict but having no traction forces across the interface. As a longitudinally polarized elastic wave (vibration) applied to the interface, the surfaces will stay together and move as one during the compression phase of the wave and then separate under the tensile phase. Such a periodic separation will cause amplitude modulation of the high frequency ultrasonic probe wave passing through this interface.
The second, more realistic mode! of a defect is a contact between two rough elastic surfaces (7,9). The applied stress will vary the contact area within the defect due to deformation of contacting asperites, leading to a nodinear elasticity of the defect, since the elasticity is proportional to the contact area.
APPLICATIONS
The methods based on second harmonic measurements demonstrate high sensitivity for investigations of contacts between solids (3,7). These methods were applied for investigations of rocks and sandstone(15, 16), concrete (17), and piezoceramics (18). Similar method was used for crack detection in a large (over 3 m long) carbon electrodes (6). However, the second harmonic method a significant drawback due to transducers and associated electronic equipment nodinearity. This creates a background nodinear signal, limiting the sensitivity of the method. h order to overcome this problem we have developed more advanced modulation methods: vibro-modulation~and impact-modulation (IW methods. VM method employs forced harmonic vibration of the tested structure, tile N method uses impact excited vibration, One of the first experiments using VM method demonstrated its capability to assess fatigue condition (14). This study was performed tith steel samples exposed to various degree of fatigue load. It was observed that the moddation level proportionally increases with the applied stress. The recorded increase in modulation level was over 20 dB in fatigued vs. control samples, demonstrating high sensitivity of the method. Another application of the W method to assess bonding quality has been curried out with bonded composite assembly(11 ).
The W method uses impact excitation of the structures natural modes of vibration. Examples of the applications of this method include:
qdetection of stress-comosion cracks in steel pipes sbontig quality assessment in titanium and thermoplastic plates used for airspace applications qcracks in aircraft steel fise pins qcracks in combustion engine parts qcracks and corrosion in reinforced concrete qcracks in rocks These tests have demonstrated the advantages of the modulation methods to detect flaws in hi~y nonhomogeneous structures where conventional acoustic methods are not applicable. Among such structures are civil structures, composite assembles, airfiarnes and engine components. For example, the IM technique detected a crack in a hifly non-homogeneous combustion engine cylinder head. This structure has very complicated geometry with many boundaries and interfaces causing multiple scattering and reflection (reverberation noise) of the probe ultrasonic signal used in the conventional acoustic technique. High reverberation shadows the signal reflected horn a crack so the crack can't be detected. As for the modulation methods, the reverberation does not cause any problems since the side-band frequencies of the received signal (indicathg the presence of the defect) differ from the frequency of the reverberating signals, so the crack is detected.
